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Genetic and biochemical analyses have uncovered an essential role for nuclear factor erythroid 2-related
factor 2 (Nrf2) in regulating phase II xenobiotic metabolism and antioxidant response. Here we show that Nrf2
protects against the ovarian toxicity of 4-vinylcyclohexene diepoxide (VCD) in mice. Nrf2™/~ female mice
exposed to VCD exhibit an age-dependent decline in reproduction leading to secondary infertility accompanied
by hypergonadotropic hypogonadism after 30 weeks of age. VCD is shown to selectively destroy small ovarian
follicles, resulting in early depletion of functional follicles. Treatment with VCD induces apoptotic death in
cultured cells and in ovarian follicles, suggesting apoptosis as a mechanism of follicle loss. Loss of Nrf2
function blocks the basal and inducible expression of microsomal epoxide hydrolase, a key enzyme in the
detoxification of VCD, and increases the oxidative stress in cells that is further exacerbated by VCD. Foxo3a,
a repressor in the early stages of follicle activation, displays reduced expression in Nrf2~/~ ovaries, causing
accelerated growth of follicles in the absence of exposure to exogenous chemicals. Furthermore, Foxo3a is
degraded through the 26S proteasome pathway in untreated cells and is induced by VCD via both Nrf2-
dependent transcription and protein stabilization. This study demonstrates that Nrf2 serves as an essential
sensor and regulator of chemical homeostasis in ovarian cells, protecting the cells from toxic chemicals by
controlling metabolic detoxification, reactive oxygen species defense, and Foxo3a expression. In addition, these
findings raise the possibility that exposure to environmental or occupational ovotoxicants plays a role in the

premature ovarian failure commonly associated with infertility and premature aging in women.

Cells cope with toxic chemicals by eliciting adaptive re-
sponses that result in elimination of the toxicants, reduction of
toxic responses, and repair of tissue damage, thereby maintain-
ing chemical homeostasis and physiological functions (30).
Many adaptive responses are controlled by chemical-activated
receptor or transcription factors, which sense changes in the
chemical environment of cells, by themselves or with associ-
ated proteins, and coordinately regulate multiple transcrip-
tional responses to combat toxic insults and tissue lesions (30,
43). Nrf2 (nuclear factor erythroid 2-related factor 2) is a
member of the CNC-bZip (cap 'n’ collar basic leucine zipper)
subfamily of leucine zipper transcription factors. Evidence ac-
cumulated in recent years suggests that Nrf2 and its cytoplas-
mic binding protein, Keapl, constitute one of the chemical-
sensing and transcription systems that play an essential role(s)
in cellular protection against a range of chemical toxicity, car-
cinogenesis, and pathological processes (10, 21, 34, 36).

Several features of the mode of action of Nrf2/Keapl are
noteworthy. First, Nrf2 controls both the constitutive and in-
ducible expression of a spectrum of protective genes, implicat-
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ing Nrf2 in the maintenance of chemical homeostasis under
both physiological and chemical-challenged conditions. Sec-
ond, transcription by Nrf2 is governed by AREs (antioxidant
response elements) located in the enhancers of two sets of
target genes: phase II detoxification enzymes such as glutathi-
one S-transferase 1A and NAD(P)H:quinone oxidoreductase
(NQO1) and antioxidant enzymes such as glutathione syn-
thetase and y-glutamylcysteine synthetase (6, 20, 29, 36). Phase
II enzymes detoxify chemicals through reduction and conjuga-
tion reactions, whereas antioxidant enzymes are directly in-
volved in protection against reactive oxygen species (ROS).
Third, inducers of Nrf2 target genes consist of a wide range of
chemicals with diverse structures. Recent evidence suggests a
mode of activation of Nrf2 in which chemical signals modify
the thiol groups of Keapl, leading to dissociation of Nrf2 from
Keapl, followed by translocation of Nrf2 into the nucleus (10).
Fourth, the CNC-bZip proteins (NF-E2, Nrfl, Nrf2, and Nrf3)
are highly homologous in the DNA-binding region, suggesting
overlapping functions among CNC-bZip proteins in the tran-
scription of target genes. Indeed, targeted knockout (KO) of
Nrfl and Nrf2 in mice revealed that the two proteins partially
compensate for each other in hepatic detoxification of oxida-
tive insults (26). Lastly, Nrf2 null mice are viable and can
mature to give birth. However, these mice develop lupus-like
autoimmune dysfunction in the absence of apparent exposure
to toxic chemicals, implying a physiological role for Nrf2 in
autoimmune regulation (28, 44).
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Mammalian females are born with a finite number of pri-
mordial follicles in the ovary, each containing an oocyte ar-
rested in the first meiotic division and a layer of granulosa cells
(38). Follicular growth, which is characterized by oocyte
growth and transition of squamous to cuboidal granulosa cells,
is irreversible. Follicles recruited to the growing pool undergo
atresia (apoptosis) if not selected for further growth and mat-
uration (11). Activation of resting follicles occurs through an
unknown triggering mechanism(s) intrinsic to the ovary and
independent of pituitary gonadotropins. Depletion of ovarian
follicles through atresia during aging causes ovarian failure
(i.e., menopause in women) (11). Infertility secondary to early
follicular depletion in females before the age of 40 results in
premature ovarian failure (POF) (1).

A limited number of genetic and environmental factors have
been associated with follicle destruction and early depletion,
giving rise to POF (1, 18, 32). For example, smoking is known
to be associated with early menopause, and polycyclic aromatic
hydrocarbons, major toxic components of cigarette smoke,
cause follicle destruction in experimental animals (31). Expo-
sure to 2-bromopropane at the work place is linked to an
increase in the incidence of early menopause and infertility in
female workers; the chemical is selectively toxic to ovarian
follicles in animal models (23, 45). Thus, identifying genetic
and environmental factors, as well as gene-environment inter-
actions, that contribute to follicular destruction and POF is a
particular health concern of women at work and in general
populations.

4-Vinylcyclohexene (VCH) is an occupational ovarian toxi-
cant produced from the dimerization of 1,3-butadiene during
the manufacture of synthetic rubber, flame retardants, insec-
ticides, and plasticizers (2). VCH is metabolized to VCH diep-
oxide (VCD) through cytochrome P450-catalyzed epoxidation.
In rodents, VCH and VCD have been shown to damage small
follicles and cause ovarian cancer (2, 17). Three lines of ob-
servation suggest that VCD is the ovotoxic form of its parent
compound: (i) VCD is about 10-fold more potent than VCH in
destroying follicles; (ii) mice are more sensitive than rats to
VCH ovotoxicity, and the differential sensitivity correlates with
the difference in the metabolic abilities of the two species to
convert VCH to VCD; and (iii) the differential sensitivity to
ovotoxicity in mice and rats is largely reduced when VCD is
injected into the animals (39, 40). The functional impact of
VCH or VCD ovotoxicity on reproduction has not been inves-
tigated.

VCD is further metabolized in the liver to less toxic metab-
olites through phase II reactions, among which hydration of
the epoxide to a tetrio by microsomal epoxide hydrolase
(mEH) is a critical step of VCD detoxification (17, 22). In light
of the critical role of Nrf2 in the regulation of phase II gene
expression, we postulated that Nrf2 plays certain roles in the
protection against VCD ovotoxicity. The hypothesis is tested
by using Nrf2 KO mice. While VCD selectively destroys pri-
mordial and primary follicles by 50% in wild-type (Wt) mice, it
depletes small follicles by 95% in Nrf2 null mice, leading to
POF by 30 weeks of age compared with ~50 weeks for the
control. Mechanistic analyses demonstrated that depletion of
follicles correlates with diminished expression of mEH in the
liver and Foxo3a in the ovary, as well as increased oxidative
stress and apoptosis in Nrf2 null mice. Furthermore, a syner-
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gistic action between VCD and Nrf2 null function is observed
in promoting oxidative stress. Our findings suggest that Nrf2 is
required for detoxification of VCD, expression of Foxo3a, and
defense against oxidative stress in the ovary, which are essen-
tial for protection against VCD ovotoxicity.

MATERIALS AND METHODS

Materials. VCD (purity, >99%), sesame oil, and other chemicals were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Polyclonal antibodies specific
for mouse Foxo3a (anti-FKHRLI) were obtained from Upstate (Charlottesville,
VA). Reagents for immunofluorescent staining, the terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end-labeling (TUNEL) assay, and serum
hormone quantification are described in the corresponding method sections.

Animal treatment and tissue collection. Nrf2 null mice, in which the Nrf2 gene
is disrupted and rendered nonfunctional by targeted gene KO, were described
previously (7). The mice were rederived at the Jackson Laboratory to ensure that
they were free of specific pathogens and were maintained at the NIOSH (Na-
tional Institute for Occupational Safety and Health) animal care facility (29).
The KO mice, with a mixed background of 129SVJ and C57BL/6, were back-
crossed with C57BL/6 mice to change to a C57BL/6 genetic background (>97%).
Female C57BL/6 mice (Wt) at an age of 21 days were obtained from Charles
River Laboratories (Wilmington, MA) and maintained in the animal care facility
for 1 week prior to treatment. Female Wt and Nrf2™/~ mice at an age of 28 days
were weight matched and dosed daily with VCD (0.57 mmol/kg of body weight/
day, given intraperitoneally [i.p.]) or sesame oil (vehicle control, given i.p.) for 15
days; the dosage, route of administration, and dosing time course were based on
previous studies (3, 19). Four hours after the final dosing, the mice were eutha-
nized by CO, inhalation. The liver and ovaries were excised and processed for
RNA, protein, and histological analyses.

Continuous-breeding assay. The continuous-breeding assay is aimed at eval-
uating the reproductive fitness of female mice. Wt or Nrf2 ™/~ female mice at 28
days of age were treated with VCD or sesame oil once daily for 15 days as
described above. The mice were then paired with healthy Wt C57BL/6 male mice
for breeding starting at an age of 6 weeks. Mating pairs were placed in separate
cages and inspected each morning. After a litter was weaned, the female was
paired with a new male to avoid low reproducibility due to male reproductive
dysfunction. When no litter was produced, the female was paired one more time
with a healthy male to ensure that female infertility was reached. Litter size and
cumulative number of progenies per female were recorded for each group and
used to evaluate the reproductive fitness of female mice.

Histology and follicle counting. Four hours after administration of the final
dose of VCD, mice were euthanized and ovaries were collected. Ovaries were
trimmed of fat tissues, fixed in Bouin’s solution for 24 h, embedded, serially
sectioned at a thickness of 7 pm, and stained with hematoxylin and eosin (H&E)
at the NIOSH Pathology Core. Developmental stages of follicles were defined as
described previously (9). The numbers of oocyte-containing follicles at each
developmental stage were determined in every 10th section of an ovary under a
microscope as described by Borman et al. (3). The total numbers of primordial,
primary, and preantral or antral follicles present in marked sections were mul-
tiplied by 10 to obtain an estimate of the total number of follicles per ovary (12,
40).

To evaluate physiological follicle development in the absence of Nrf2, ovaries
were harvested from Nrf2™/~ and C57BL/6 Wt mice on postnatal days (PND) 3,
8, 15, and 53. Ovaries were sectioned and stained with H&E. Numbers of
oocyte-containing follicles at each developmental stage were counted in every
Sth section for those that had been taken from PND 3, §, or 15 mice and in every
10th section for those that had been taken from PND 53 mice. To obtain an
estimate of the total number of follicles per ovary, the total number of primor-
dial, primary, and preantral or antral follicles present in the marked section were
multiplied by 5 or 10 to account for every 5th or 10th section being used in the
analysis (12, 40). All ovaries were coded prior to histological analysis to ensure
that all morphological and quantitative evaluation was conducted without the
knowledge of genotypes.

Measurement of serum hormone levels. Blood was collected from the mouse
tail as described by Hoff (15) at the indicated time points after treatment. Serum
was prepared and stored at —20°C until use. Plasma follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) levels were measured with a competitive
enzyme immunoassay kit from Amersham Biosciences (Piscataway, NJ). The
mean sensitivities of these assays are 8.66 ng/ml for FSH and 0.1 ng/ml for LH.

Preparation and treatment of MEF (mouse embryonic fibroblast) cells. MEF
cells were prepared as described previously (29). Briefly, male and female
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Nrf27/~ or Wt mice were paired and pregnancy was monitored. Embryos were
obtained at the 18th day after pairing under aseptic conditions. Embryo heads
were used to confirm Nrf2 genotypes by PCR. Tissues from the embryo bodies
were cultured in Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum at 37°C and 5% CO,. When MEF cells grew out of the embryo tissue, the
cells were collected for experiments. MEF cells from three embryos of each
genotype were used for experiments. For treatment, MEF cells were plated at
50% confluence in complete medium and grown overnight; the cells were then
treated with vehicle (sesame oil) or VCD (30 pM) for different times as indi-
cated.

Measurement of cellular redox potential. Cellular redox potential was exam-
ined following the distribution and oxidation of RedoxSensor Red CC-1 (Mo-
lecular Probes, Eugene, OR) in mitochondria and/or lysosome as described
previously (8). Briefly, cells were incubated with 1 to 5 uM RedoxSensor Red
CC-1 and 1 uM Mito Tracker Green FM (Molecular Probes) for 10 min. The
cells were then washed with phosphate-buffered saline (PBS) and examined
under a Zeiss 510 laser scanning confocal fluorescence microscope (Carl Zeiss
Inc., Thornwood, NY). Images were collected at a magnification of x40
(0.64-pm pixel size) with excitation wavelengths of 488 and 543 nm to excite Mito
Tracker Green FM (green) and RedoxSensor Red CC-1 (red) simultaneously.
Differential staining of lysosomes by RedoxSensor Red CC-1 (red) and mito-
chondria by Mito Tracker Green FM and RedoxSensor Red CC-1 (yellow,
double staining) was used to evaluate the redox potential of the cells. Image
analysis of relative fluorescence intensity was performed with Optimus version
6.51 software (Media Cybernetics, Silver Spring, MD) as previously described
(46).

TUNEL assay. Apoptosis in ovarian cells was determined by TUNEL assay
with a TUNEL assay kit (Promega, Madison, WI) as previously described (42).
The fragmented DNA of apoptotic cells was measured by catalytically incorpo-
rated fluorescein-12-dUTP at the 3’-OH end of the DNA with the enzyme
terminal deoxynucleotidyltransferase (TdT) to form a polymeric tail in a TdT-
mediated dUTP nick end-labeling process as previously described (13). Briefly,
the formalin-fixed, paraffin-embedded ovary sections were deparaffinized in xy-
lene, followed by rehydration through an ethanol gradient to distilled water. The
slides were then incubated with protease type 1 (Sigma) diluted with PBS at a
concentration of 4%. A positive control slide was prepared by incubation with
DNase 1 (Sigma Aldrich Co., St. Louis, MO) for 30 min at room temperature.
All slides were then incubated with the equilibration buffer for 10 min, during
which time the reaction mixture per slide was prepared by addition of 10 pl of the
nucleotide mixture to 90 ul of equilibration buffer and 2 ul of TdT enzyme,
according to the manufacturer’s instruction. The negative control slide received
2 pl of distilled water in place of 2 pl of TdT2 in the fluorescein-12-dUTP
reaction mixture. The slides were then incubated for 1 h at 37°C in the dark.
Propidium iodide (100 pl/slide; Sigma Aldrich Co., St. Louis, MO) was applied
for 2 min as a counterstain to label nuclei red, after which slides were rinsed in
distilled water and coverslipped with Prolong Antifade (Molecular Probes).
Slides were kept at 4°C in the dark until examined. The slides were imaged with
a Zeiss LSM 510 laser scanning confocal microscope (Carl Zeiss, Inc., Thorn-
wood, NY) at a magnification of X20. Propidium iodide labeling was detected
with a 543-nm laser with an LP 560 filter (shown in red), and the positive
apoptotic cells were detected with a 480-nm laser and a BP 500-530 filter
simultaneously. Depending on the intensity of the propidium iodide staining,
which may vary from slide to slide, the apoptotic cells will appear either green or
yellow-green.

Multiparameter flow cytometry of apoptosis. Detection of apoptotic cells by
multiparameter flow cytometry was performed as described by Telford et al. (41).
The assay measures three characteristic changes of apoptosis: caspase activation,
plasma membrane phosphatidylserine (PS) “flipping,” and increase in cell mem-
brane permeability. PhiPhiLux-G1D2 (PhiPhiG1D2; Oncolmmunin, Inc., Gaith-
ersburg, MD) is a fluorogenic substrate of caspases 3 and 7. 7-Aminoactinomycin
D (7-AAD; BD Bioscience, San Diego, CA) is used as an indicator of plasma
membrane permeability. Annexin V-PE (BD Bioscience) binds to flipped PS in
the plasma membrane. Briefly, cells were grown to 90% confluence and treated
with VCD at a concentration of 0.5, 1, or 2 mM for 18 h. Cadmium (at 5 or 10
M) was used as a positive control for apoptosis. All cultured cells were then
collected and resuspended in medium at a density of ~3 X 10%ml. A 50-ul
volume of the cell suspension was mixed with 50 pl of 10 wuM PhiPiD1G2,
followed by incubation at 37°C for 60 min. A 1.25-pl sample of annexin V-PE was
added to the mixture, which was incubated at room temperature for 15 min. The
cells were washed with 1 ml of fluorescence-activated cell sorter (FACS) buffer
(0.2% bovine serum albumin and 0.09% NaNj in PBS), collected by centrifuga-
tion, and resuspended in 250 pl of FACS buffer. The cells were incubated with
7-AAD (0.06 mg/1.25 ml/tube) at room temperature for 10 min. A 200-wl volume
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of FACS buffer was added to the tube immediately before measurement with a
FACScalibur flow cytometer (Becton Dickinson, San Diego, CA).

Immunofluorescent staining and microscopy. Ovaries were fixed for 8 to 12 h
in 4% buffered-formalin, dehydrated, and embedded in paraffin. Five-microme-
ter sections were deparaffinized through xylene and alcohol, rehydrated, and
washed three times in a buffer consisting of PBS, 10% goat or rabbit serum, and
0.1% Tween 20. Sections were incubated with primary antibodies against Foxo3a
at a 1:50 dilution in a humidified chamber overnight. Sections were washed in a
buffer solution and incubated in the dark for 2 h with Cy5-conjugated secondary
antibodies against rabbit immunoglobulin G at a 1:100 dilution (Chemicon In-
ternational, Temecula, CA). Sections were then washed with PBS, followed by
nuclear staining with YOYO-1 (Molecular Probes) at a 1:100 dilution for 20 min.
After extensive washing with PBS, tissue sections were mounted on slides with
Prolong Antifade. Stained sections were stored at 4°C in the dark and examined
for fluorescence intensity within 1 week. Stained sections were examined on a
Zeiss 510 laser scanning confocal microscope. Images were taken at magnifica-
tions of both X20 (1.27-pum pixel size) and X40 (0.64-pm pixel size) with exci-
tation wavelengths of 488 and 633 nm to excite YOYO-1 nuclear staining (green)
and Cy5 (red) simultaneously. Image analysis to quantify relative fluorescence
intensity was performed with the Optimus version 6.51 software. Three sections
were analyzed in each experimental group. No autofluorescence was seen in
unstained ovarian sections at the 633-nm wavelength.

Induction of Nrf2 target genes. Wt and Nrf2~/~ mice (2 months old) were
treated with 3-t-butyl-4-hydroxyanisol (BHA), benzo[a]pyrene (Bap), or vehicle.
BHA was given by intragastric administration on the first and third days at 400
mg/kg of body weight; Bap was given once by i.p. injection. Liver samples were
collected on the fourth day after BHA treatment or 24 h after Bap treatment. For
gene induction in cultured cells, hepalclc7 cells were grown to confluence and
treated with VCD as described above for MEF cells. Total RNAs or total cell
extracts were prepared for analyses of mRNA expression and protein levels,
respectively.

RNA preparation and Northern blotting. Fresh tissues were stored in RNA
Later (QIAGEN, Valencia, CA) at —20°C. Tissues were homogenized with
zirconia beads (Biospec Products, Bartlesville, OK) in a bead beater (Med
Associates, Inc., Georgia, VT). Total RNA was prepared with the RNeasy kit
(QIAGEN). Total RNA (5 pg/lane) was fractionated in a 1% agarose-formal-
dehyde gel and transferred to a Nytran membrane. The blot was probed with a
digoxigenin-labeled riboprobe specific for mouse NQO1, mEH, HO-1, MT-1,
Foxo3a, or actin and visualized by chemiluminescence with a DIG RNA detec-
tion kit with CDP Star as the substrate (Roche Molecular Biochemicals).

Immunoblotting. Total cell lysates were prepared with cell lysis buffer (Pro-
mega, Madison, WI). Levels of Foxo3a protein were measured by immunoblot-
ting with anti-FKHRL1 (Upstate) by following procedures provided by the man-
ufacturer. Levels of Nrf2 protein were assayed with anti-Nrf2 antibodies from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

Statistical analyses. Statistical analyses were performed with GraphPad Prism
software (GraphPad Software, San Diego, CA). Data represent means and
standard deviations. One-way analysis of variance (ANOVA) and Tukey’s mul-
tiple comparison were performed for testing statistical significance at P < 0.05.

RESULTS

Depletion of ovarian primary and primordial follicles by
VCD in Nrf2™/~ mice. Wt and Nrf2 ™/~ female mice at PND 28
were continuously treated with VCD at 0.57 mmol/kg of body
weight per day for 15 days. VCD at this dose reduced the
primordial follicle number by 50% and the primary follicle
number by 60% of control numbers in Wt mice (Fig. 1A and
B). A small but insignificant increase in secondary follicle num-
bers in the VCD-treated group was observed. Morphologically,
the surviving follicles (small and large) were similar in struc-
ture between oil- and VCD-treated mice (Fig. 1A). The data
suggest that VCD selectively destroys small follicles (primor-
dial and primary) compared with large follicles (preantral and
antral). Treatment of Nrf2 ™/~ mice with VCD under the same
regimen depletes the primordial and primary follicles by 96
and 95% of the control levels, respectively. Preantral or antral
follicles are reduced by 30% in VCD-treated Nrf2™/~ mice
compared with oil control mice. Thus, loss of Nrf2 dramatically
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FIG. 1. Depletion of small follicles in Wt and Nrf2~/~ mice by VCD. Female Wt and Nrf2~/~ (KO) mice (28 days old) were treated with VCD
or oil for 15 days as described in Materials and Methods. Ovarian sections were stained with H&E. Follicle morphology and numbers were
examined under a microscope. (A) H&E-stained sections showing the morphology of follicles among different groups with largely reduced numbers
of small follicles in VCD-treated Wt and Nrf2™/~ mice. Arrows indicate primordial and primary follicles. (B) Quantification of follicle numbers.
Statistical analysis was performed with the original data expressed as numbers of follicles per ovary (n = 6). *, P < 0.05. The data shown are
percentages of controls for clarity of comparison. Bars = 30 pm.
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increased the sensitivity of ovarian follicles to VCD ovotoxic-
ity.

Mammalian follicle growth is irreversible. Most activated
follicles will not reach the stage of ovulation but undergo
apoptotic death (i.e., atresia), whereas unactivated follicles
remain dormant. The observation that VCD destroys small
follicles without causing apparent structural changes in the
remaining follicles implicates apoptosis as a mechanism of
follicle depletion analogous to atresia. To test this concept, we
first examined if VCD caused apoptosis in cultured cells.
hepalclc7 cells, of a murine hepatoma cell line that retains
most of the characteristics of hepatocytes and is highly respon-
sive to Nrf2 activators, were treated with VCD for 18 h.
Apoptotic cells were detected by multiparameter flow cytom-
etry. Figure 2 shows the fractions of cells undergoing apoptosis
that are stained with PhiPhiG1D1 (indicator of caspase 3 or 7
activation), 7-AAD (reflecting increased membrane perme-
ability), or annexin V (indicating plasma membrane PS flip-
ping). As a positive control, cadmium at 5 or 10 wM was shown
to increase cell fractions positive for staining with 7-AAD and
PhiPhiG1D2 or annexin V and PhiPhiG1D2. Treatment with
VCD at 0.5, 1, or 2 mM resulted in a dose-dependent increase
in apoptosis compared with the control. VCH, which is the
metabolic precursor of VCD, did not cause cell death or apo-
ptosis of the cells at 2 mM under the same conditions. The
results demonstrate, for the first time, that VCD, but not VCH,
induces apoptosis in cultured cells; this finding is in agreement
with the observation that VCD has an order of magnitude
greater in vivo ovarian toxicity than VCH.

We then examined if VCD induces apoptosis of follicular
cells in vivo. Figure 3 shows that apoptotic cells were seen
mostly in large growing follicles compared with small follicles
in untreated ovaries (Wt + oil, KO + oil). Treatment with
VCD increased apoptotic cell numbers in follicles of Wt mice
(Wt + VCD), and more apoptotic cells were seen in Nrf2 ™/~
ovaries with VCD treatment (KO + VCD). The observation
that more apoptotic cells were seen in large than small follicles
in VCD-treated mice is attributable to the finding that a ma-
jority of the small follicles susceptible to VCD toxicity have
been depleted by VCD. Alternatively, this result implies that
VCD depletes small follicles by accelerating the growth of
small follicles to large follicles, leading to apoptosis in a pro-
cess similar to atresia. This notion is supported by the obser-
vations that treatment with VCD consistently increased the
numbers of large follicles while decreasing those of the primary
and primordial follicles both in intact animals (Fig. 1B, left
side) and in cultured ovaries in vitro (9).

POF caused by VCD in Nrf2 null mice. The finding that
VCD depletes ovarian follicles raises the question of whether
such depletion leads to POF in intact animals. We tested this
possibility with a continuous-breeding assay. Female Wt and
Nrf2~/~ mice were treated with VCD or oil. The mice were
then paired with healthy Wt male mice for breeding starting at
6 weeks of age. Litter size was recorded, and pairing was
continued until no birth was observed for each female. Figure
4A reveals that Wt mice exhibited an age-dependent decline in
average litter size, reaching infertility at an age of ~50 weeks.
Nrf2~/~ mice had smaller litter sizes than Wt mice at younger
ages (<30 weeks old). Treatment with VCD dramatically re-
duced litter size in Nrf2™/~ mice, giving rise to zero birth at
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~30 weeks of age. In the Wt, the cumulative number of prog-
eny mice per female was decreased by VCD by ~25% at an age
of 50 weeks (Fig. 4B). Nrf2™/~ mice produced fewer progeny
mice than did Wt mice at all ages; the cumulative number of
progeny mice produced by the Nrf2~/~ mice is ~75% of the
Wt by 50 weeks of age. VCD reduced the cumulative number
in Nrf2~/~ mice to ~35% of the control (Wt, Oil) at an age of
50 weeks. These findings demonstrate, for the first time, that
VCD reduces reproductive capacity in mice and causes sec-
ondary infertility in Nrf2 null mice, possibly due to their high
sensitivity to the ovotoxicity of VCD. The correlation between
the severity of follicle depletion and induction of infertility
supports the concept that global damage of follicles by ovarian
toxicants can result in POF.

Under normal physiological conditions, premature reduc-
tion of ovarian function elicits hypergonadotropic responses.
FSH and LH levels were examined at 20 weeks of age after
treatment with VCD or oil. Compared with oil controls, VCD
significantly increased LH levels in Wt mice (Fig. 5A; P < 0.05)
and both FSH and LH levels in Nrf2~/~ mice (Fig. 5A and B;
P < 0.001). A small but insignificant reduction of FSH in
VCD-treated Wt mice was observed. Together, the results
indicate that pituitary responses to follicle destruction exist in
VCD-treated mice; depletion of follicles by VCD induces hy-
pergonadotropic hypogonadism secondary to POF in Nrf2 null
mice.

Accelerated ovarian follicle development during early age
stages of Nrf2 null mice. The observation that Nrf2™/~ mice
are highly sensitive to VCD ovotoxicity implies a role for Nrf2
in ovarian follicular development under physiological condi-
tions. Ovaries were collected from Wt and Nrf2™/~ mice at
PND 3, 8, 15, and 53, representing different stages of ovarian
development (14). As shown in Fig. 6A, both genotypes con-
tained primary and primordial follicles at PND 3. A pool of
fully formed small follicles was seen at PND 8, whereas antral
follicles were formed at PND 15. At PND 53, all stages of
follicular development were observed, indicating sexual matu-
rity.

The morphologies of the follicles appeared similar in both
Wt (left) and Nrf2 ™/~ (right) ovaries. However, the numbers of
primordial and primary follicles exhibited a biphasic variation,
increasing from PND 3 to 8 and decreasing from PND 8 to 53
(Fig. 6B, upper part). Moreover, more small follicles were
formed at PND 3 and 8 in Nrf2™/~ than in Wt mice. This trend
was reversed between PND 8 and 53, during which consider-
ably fewer small follicles were seen in Nrf2 ™/~ than in Wt mice,
suggesting accelerated, age-dependent follicular development
and loss of small follicles in Nrf2 ™/~ ovaries. The numbers of
large follicles (preantral or antral follicles) were significantly
increased at PND 8 and 15 in Nrf2™/~ mice compared with the
Wt (Fig. 6B, lower part), further supporting the notion that
loss of Nrf2 function accelerates follicular development in
mice.

Reduced basal and inducible expression of mEH. VCD can
be metabolized to less toxic metabolites by phase II enzymes in
the liver; conversion of VCD to dio and tetrio metabolites by
mEH is a key step in VCD detoxification (17). In view of the
importance of Nrf2 in phase II gene regulation and the high
sensitivity of Nrf2 null mice to VCD toxicity, we examined the
expression and induction of mEH in Nrf2 null mice. As shown
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FIG. 2. Multiparameter flow cytometry of apoptosis by VCD. hepalclc7 cells at ~90% confluence were treated with Cd (positive control),
VCD, or VCH for 16 h at 37°C. The cells were harvested and stained with PhiPhiG1D2, 7-AAD, or annexin V-PE as described in Materials and
Methods. Apoptotic cells were detected by multiparameter flow cytometry as cells positive for staining with 7-AAD and PhiPhiG1D2 or annexin
V and PhiPhiG1D2. (A) Distribution of apoptotic cells. Shown at the top are the structures of VCH and VCD. Cd, 10 uM; VCH, 2 mM; VCD,
1 mM. (B) Data from panel A shown as percentages of double-positive cells. Cells were treated with vehicle only (lanes 1 and 8), with Cd at 5 pM
(2 and 9) or 10 pM (3 and 10), with VCH at 2 mM (4 and 11), or with VCD at 0.5 mM (5 and 12), 1 mM (6 and 13), or 2 mM (7 and 14). Means
and standard deviations were calculated by one-way ANOVA, followed by a comparison of individual means. The symbols * and = represent P
< 0.05 and P < 0.01, respectively, in comparison with the control values.



946 HU ET AL.

Wt + Oil

MoL. CELL. BIOL.

FIG. 3. Confocal micrographs of TUNEL assays of ovarian follicles. TUNEL assays were performed on ovarian tissue sections from Wt mice
treated with oil (Wt + Oil) or VCD (Wt + VCD) and KO mice treated with oil (KO + Oil) or VCD (KO + VCD). Cells positive for apoptosis
appear bright green-yellow (arrow), and the propidium iodide counterstain labels the cells red. Increased numbers of cells stained green or yellow
in KO + VCD tissue suggest more severe apoptosis in Nrf2 KO ovaries. Bars = 50 pm.

in Fig. 7, mEH exhibited a high level of constitutive expression
in the Wt liver (upper part, lanes 7 and 8) and was induced
moderately by Bap (lanes 9 and 10) and BHA (lanes 11 and
12). However, the basal expression was largely reduced and the
induction was abolished in the Nrf2~/~ liver (lanes 1 to 6). As
a control for Nrf2 function, NQO1 mRNA was shown to be
highly induced by Bap and BHA (middle part, compare lanes
9 and 10 or 11 and 12 with lanes 7 and 8), but the induction was
totally lost in Nrf2~/~ mice (lanes 1 to 6). Actin mRNA was
measured as a loading control (lower part). These findings
implicate Nrf2 as a major regulator of the basal and inducible
expression of mEH. Thus, loss of Nrf2 function decreases the
hepatic expression of mEH and other phase II genes, leading
to reduced detoxification and, consequently, increased toxicity
of VCD in Nrf2™/~ mice.

Increased oxidative response and activation of Nrf2 by VCD.
Nrf2 is associated with ROS defense. Induction of oxidative
stress by VCD was examined by measuring reduction-oxidation
capacities of cells, induction of oxidative stress marker genes in
the ovary, and activation of Nrf2. RedoxSensor Red CC-1is a

new redox-sensitive fluorescent probe that preferentially local-
izes between mitochondria and lysosomes, reflecting the cyto-
plasmic redox potential of a cell. In Wt embryonic fibroblasts,
a high red to yellow fluorescence ratio (representing the ratio
of lysosomal to mitochondrial staining) was observed, indicat-
ing a low oxidative state in the cell (Fig. 8A, upper left part,
and B, Wt + Oil). The ratio was significantly reduced in
Nrf2 ™/~ cells (Fig. 8A, lower left part, and B, compare KO +
Oil with Wt + Oil; P < 0.001), reflecting increased oxidative
stress in Nrf2 null cells. Treatment with VCD reduced the ratio
in the Wt, and the reduction was further enhanced in Nrf2 null
cells (Fig. 8A, upper and lower right parts, and B, Wt + VCD
and KO + VCD). The findings not only demonstrated in-
creased oxidative stress by VCD but also suggested a synergy
between VCD and Nrf2 null function in promoting ROS pro-
duction.

Next, we examined if VCD induced the expression of oxi-
dative stress marker genes such as those that encode HO-1 and
MT-1. As shown in Fig. 9A, VCD dramatically increased the
mRNA expression of oxidative markers HO-1 (upper part) and
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FIG. 4. Accelerated premature reproductive failure in VCD-treated Nrf2 null mice. Female Wt (C57BL/6, eight per group) and Nrf2~/~ (six
per group) mice 28 days old were treated with VCD or a vehicle control by i.p. injection once daily for 15 days as described in Materials and
Methods. Continuous-breeding assays began at 6 weeks of age, in which VCD- or vehicle-treated females were paired with age-matched, healthy
Wt male mice. Litter sizes were recorded, and females were re-paired with different males after offspring mice were weaned. When no birth was
observed, the female was paired with a healthy male one more time to ensure that complete loss of reproductive function was reached. (A) Decline

in the average number of progeny mice per litter. (B) Cumulative number of progeny mice per female.

MT-1 (middle part) in hepalclc7 cells. We then analyzed the
regulation of HO-1 mRNA expression in the ovaries of intact
animals. VCD induced HO-1 expression in Wt ovaries (Fig.
9B, compare lanes 1 and 2). However, the basal expression of
HO-1 was largely reduced and induction by VCD was totally
lost in Nrf2™/~ ovaries. These findings suggest that VCD in-
duces oxidative stress and subsequently induces HO-1 tran-
scription in the ovaries through an Nrf2-dependent pathway.

Oxidative signals activate Nrf2 by stabilizing the protein.
Induction of oxidative stress and HO-1 gene expression by
VCD suggests activation of Nrf2 during VCD treatment. Fig-

A

P<0.001
A
47 4 P<0 001\
7 Oil <Y
Es{| P<oos MEYVCD
()]
£
% 2 0
> —_
Q
—
=Rk
0
WT KO

ure 9C shows that the protein level of Nrf2 was largely reduced
by treatment with protein synthesis inhibitor cycloheximide
(CHX), indicating a highly labile nature of the Nrf2 protein
(compare lane 2 with lane 1). VCD increased the level of Nrf2
protein (lane 3). tert-Butylhydroquinone (tBHQ), a redox-cy-
cling antioxidant and a known activator of Nrf2, and MG132,
an inhibitor of 26S proteasome-mediated Nrf2 degradation,
stabilized the Nrf2 protein as expected (lanes 5 and 7). The
results suggest that VCD stabilizes Nrf2 similarly to oxidative
or antioxidant stimuli, which accounts for the induction of
HO-1 in the ovaries by VCD. Taken together, the findings
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FIG. 5. Hormonal effects of VCD. Female Wt and Nrf2 KO mice (28 days old) were dosed daily with VCD or sesame oil for 15 days as
described in Materials and Methods. Twenty weeks later, plasma LH (A) and FSH (B) levels were measured by a competitive enzyme immunoassay
method. The mean sensitivity was 8.66 ng/ml for FSH and 0.44 ng/ml for LH. For all panels, data are represented as the mean * the standard
deviation; n = 8 (C57BL/6) or 6 (Nrf2™/7).
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FIG. 6. Accelerated follicle development in early age stages of Nrf2™/~ mice. Ovaries were collected from Wt and Nrf2™/~ mice at different
ages, serially sectioned (7 wm), and stained with H&E. (A) Micrographs generated with an oil immersion objective (bars = 50 pm) showing
increased numbers of antral follicles in ovaries from Nrf2™/~ mice at 8 and 15 days compared with the Wt. Inserts show typical primordial (a),
primary (b), small growing (c), and preantral (d) follicles. (B) Quantitation of follicles. Follicles at different developmental stages were counted
as described in Materials and Methods. Data represent means * standard deviations of follicle numbers per ovary from six mice per group.
One-way ANOVA and Turkey’s comparison test were performed for statistical analysis. *, P < 0.05.

demonstrate that VCD induces oxidative stress, as well as
Nrf2-dependent protective responses against ROS, in the ova-
ries. Therefore, induction of high levels of oxidative stress by
VCD in ROS defense-compromised Nrf2 ™'~ cells contributes
to increased ovarian toxicity of VCD in Nrf2~/~ mouse ova-
ries.

Interplay between Nrf2 and Foxo3a signaling in follicle de-
velopment and VCD action. Foxo3a, a member of the forkhead
transcription factor family, has been implicated in the suppres-
sion of early-stage follicular growth; deletion of the Foxo3a
gene results in a distinctive ovarian phenotype characterized by
global follicular activation, followed by early depletion of func-

tional ovarian follicles and secondary infertility (5, 16). The
observations of selective destruction of small follicles by VCD
(Fig. 1) and increased follicular growth in Nrf2™/~ mice during
PND 3 to 15 (Fig. 6) prompted us to examine a role for VCD
and Nrf2 in the regulation of Foxo3a expression.

In Wt follicles, Foxo3a was readily detected in both the
cytoplasm and nuclei of follicular cells by immunofluorescent
staining (Fig. 10A, upper left part, red). Foxo3a expression was
significantly reduced in follicles from Nrf2™/~ mice treated
with oil (Fig. 10A, bottom left part) compared to the Wt (Fig.
10A, top left part). Quantification of fluorescent staining is
shown in Fig. 10B. The result implies Nrf2-dependent regula-
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tion of Foxo3a expression in normal ovaries and suggests re-
duced Foxo3a expression as a cause of the accelerated follic-
ular growth observed in Nrf2™/~ mouse ovaries. Treatment
with VCD significantly increased the expression of the Foxo3a
protein in Wt follicles (Fig. 10A, upper right part, red, and B,
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Wt + VCD; P < 0.001). This increase was further elevated in
Nrf2~/~ mouse ovaries (Fig. 10A, lower right part, and B, KO
+ VCD; P < 0.001). Thus, VCD and Nrf2 null function exhibit
synergy in elevating Foxo3a expression in follicle cells at the
protein level.

To further analyze the mechanism of Foxo3a regulation, the
expression of its mMRNA was examined by Northern blotting. In
Fig. 11A, VCD was shown to induce Foxo3a mRNA in
hepalclc7 cells. Induction of Foxo3a mRNA was observed in
VCD-treated Wt ovaries, which is in agreement with an ele-
vated Foxo3a protein level in the ovaries (Fig. 10A, Wt +
VCD). However, the basal expression and induction of Foxo3a
mRNA were largely diminished in Nrf2 ™/~ ovaries. The induc-
tion of Foxo3a by VCD in Wt ovaries and its decreased ex-
pression in KO ovaries were analogous to those of HO-1 and
NQOTL1 in the liver and ovaries, indicating that Nrf2 regulates
the basal expression and induction of Foxo3a mRNA in ovar-
ian follicles. The discrepancy between the reduced Foxo3a
mRNA expression and the increased level of Foxo3a protein
caused by VCD in Nrf2™/~ ovaries suggests an Nrf2-indepen-
dent mechanism in the regulation of the Foxo3a protein by
VCD. To address this question, regulation of Foxo3a in
hepalclc7 cells was analyzed by immunoblotting. As pre-
dicted, VCD increased the level of Foxo3a protein (Fig. 11C,
lane 2). Surprisingly, treatment with CHX largely reduced the
basal expression of Foxo3a, indicating that Foxo3a is a labile
protein. Treatment with MG132 increased the level of Foxo3a
protein threefold. Together, these data provide the first evi-
dence demonstrating that Foxo3a is regulated by degradation
through the 26S proteasome pathway under physiological con-
ditions. These findings suggest a mechanism of VCD-induced
elevation of the Foxo3a protein in Nrf2~/~ mouse ovaries by
inhibition of the proteasomal degradation of the Foxo3a pro-
tein. Alternatively, loss of Nrf2 reduced the proteasomal deg-
radation of Foxo3a in the ovaries. This notion is supported by
a recent finding that Nrf2 serves as a positive transcriptional
regulator of most subunits of the 20S and 19S proteasomes by
directly binding to tandem AREs in the promoter regions of
the subunits (25).
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FIG. 7. Basal and inducible expression of mEH in Nrf2~/~ mice. Wt (lanes 7 to 12) and Nrf2™/~ (lanes 1 to 6) mice were treated with BHA
(intragastrically), Bap (i.p.), or vehicle. Total RNA was prepared and analyzed for mEH and NQO1 basal expression and induction by Northern
blotting. A parallel blot of the same samples was probed with an actin probe to ensure equal loading.
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DISCUSSIONS

POF, which is characterized by secondary infertility with
persistently elevated gonadotropin levels before the age of 40,
is a common cause of infertility and premature aging in women
(1). The incidence of POF is estimated to be 1%. Although
some POF cases have been associated with certain genetic
factors, the etiology of the majority of POF cases remains
unknown (1, 11, 32).

Exposure to certain environmental factors can lead to de-
struction of ovarian follicles in experimental animals and has
been associated with POF in humans, including chemo- and
radiotherapy in cancer patients, cigarette smoking, and occu-
pational exposure to ovotoxicants such as 2-bromopropane
(18, 33). The importance of protecting women from ovotoxi-

MoL. CELL. BIOL.

FIG. 8. Induction of oxidative stress in MEF cells by VCD. MEF
cells from Wt and Nrf2™/~ mice were treated with VCD (30 pM) or
vehicle. The cells were then cultured in the presence of 5 uM Redox-
Sensor Red CC-1, which preferentially localizes and oxidizes in mito-
chondria rather than in lysosomes in an oxidative environment, and 1
wM Mito Tracker Green, which stains for mitochondria, at 37°C for 10
min. Fluorescence was visualized with a Zeiss 510 laser scanning con-
focal microscope. (A) Fluorescent micrographs collected at a magni-
fication of X40. Red represents oxidized RedoxSensor Red CC-1 in
lysosomes, green shows mitochondria, and yellow indicates oxidized
RedoxSensor Red CC-1 in mitochondria in the presence of Mito
Tracker Green. (B) Quantitation of fluorescence performed with Op-
timus software version 6.51. Redox potential is expressed as the ratio
of red to yellow fluorescence intensities. Data represent means =
standard deviations from five samples. *, P < 0.05.

cants at the workplace has been increasingly recognized for
several reasons. More women have joined the workforce than
ever before, and many working women postpone childbearing.
POF would preclude this population from pregnancy at a late
age. Lastly, new chemicals, materials, processes, and equip-
ment are developed and marketed at an accelerating pace,
presenting potentially new health hazards at work. Assessing
chemical ovotoxicity remains a challenging task due to the lack
of sensitive animal models and a poor understanding of the
mechanism governing follicle activation and growth. In this
study, we demonstrated that destruction of small follicles by
the occupational chemical VCD reduces reproductive fitness.
Ablation of Nrf2 dramatically increased VCD ovotoxicity,
leading to early depletion of functional ovarian follicles and
secondary infertility accompanied by hypergonadotropic hypo-
gonadism. To our knowledge, this is the first report of an
animal model of chemical-induced POF which may be useful in
evaluating potential occupational and environmental chemi-
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FIG. 9. Induction of oxidative marker genes and activation of Nrf2 by VCD. (A) Induction of HO-1 and MT-1 mRNA in hepalclc7. Cells were
treated with VCD (30 pM) for 5 h. Induction was analyzed by Northern blotting. (B) Induction of HO-1 in the ovary. Female C57BL/6 and Nrf2~/~
mice at an age of 28 days were treated with VCD at 0.57 mmol/kg of body weight per day by i.p. injection for 15 days. Ovaries from six mice of
each treatment group were pooled for RNA preparation. Five micrograms of the total RNA of each mouse was analyzed for HO-1 expression by
Northern blotting. (C) Immunoblotting. hepalclc7 cells were treated with VCD (30 M), CHX (10 pg/ml), tBHQ (100 pM), or MG132 (25 pM)
for 5 h. Five micrograms of the total cell lysate of each mouse was analyzed by immunoblotting with anti-Nrf2 antibodies.

cals that may be toxic to ovarian follicles in humans upon
exposure.

Phase II enzymes consist of several classes of enzymes that
catalyze the reduction and conjugation reactions of many xe-
nobiotics, as well as endogenous chemicals, resulting in in-
creased excretion and detoxification of the chemicals in most
cases. Many phase II enzymes are constitutively expressed and
can be induced by inducers in hepatic tissues and intestinal
epithelial cells. We have used murine NQO1 as a model for a
mechanistic study of transcriptional regulation of phase II
genes. We have previously shown that Nrf2 is required for the
basal expression and induction of mouse NQO1 by 2,3,7,8-
tetrachlorodibenzo-p-dioxin (an aryl hydrocarbon receptor ag-
onist) and tBHQ (a phenolic antioxidant). The results suggest
that Nrf2 is a labile protein and serves as a master regulator
which integrates physiological and environmental signals to
regulate NQO1 expression (29). mEH catalyzes the hydration
reactions of many epoxides, giving rise to dio metabolites.
Metabolism of VCD by mEH to the inactive tetrio, i.e., 4-(1,2-
dihydroxy)ethyl-1,2-dihydoxycyclohexine, is the first and criti-
cal step in VCD detoxification (17). Unlike NQO1, which is
highly inducible, mEH exhibits a high level of constitutive

expression in the liver and is moderately inducible by aryl
hydrocarbon receptor agonists and phenolic antioxidants (Fig.
7) (27). The mechanism by which mEH is regulated at tran-
scription levels is unclear. We have shown that loss of Nrf2
blocked mEH expression in the mouse liver in the absence and
presence of mEH inducers, implicating Nrf2 as a key regulator
of both basal and inducible expression of mEH in the liver.
Others reported similar conclusions (37). By analogy with the
findings of NQOJU, it is postulated that Nrf2 recognizes ARE or
ARE-like enhancers of mEH, thereby controlling mEH tran-
scription.

Several lines of evidence implicate oxidative stress as a
mechanism of VCD action and the high sensitivity of Nrf2™/~
mice to VCD ovotoxicity. First, VCD was shown to increase
the oxidative potential of MEF cells as directly measured by
RedoxSensor Red CC-1 (Fig. 8). Second, VCD induced the
expression of oxidative marker mRNAs such as HO-1 and
MT-1 in hepatoma cells and in ovarian follicles of intact ani-
mals (Fig. 9A and B). Third, VCD activated Nrf2 and induced
HO-1 and Foxo3a in the ovaries through an Nrf2-dependent
pathway similarly to the induction of the genes by oxidative
and antioxidant stimuli (Fig. 9B and 11B). Finally, loss of Nrf2
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function further increased the oxidative potential induced by
VCD, suggesting a synergistic action between VCD and an
Nrf2 null function in promoting oxidative stress. This finding is
in agreement with the notion that, in addition to regulating
phase II genes, Nrf2 controls the expression of a battery of
oxidative-stress-inducible genes critical in ROS defense, in-
cluding those that encode HO-1 and MT-1 (Fig. 9), as well as
gesH, gesL, and gss (6, 26). Taken together, these findings
demonstrate that oxidative damage by VCD is a component of
VCD toxicity and protection against VCD ovotoxicity by Nrf2
is at least in part attributable to the role of Nrf2 in ROS
defense.

The Foxo subfamily of forkhead transcription factors in-
cludes Foxo3a (FKHRLI1), Foxol (FKHR), Foxo4 (AFX), and
the yeast protein DAF-16. Foxo proteins have been implicated
in diverse biological functions (16). Foxo3a has been shown to

MoL. CELL. BIOL.
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FIG. 10. Confocal micrograph of Foxo3a protein in the ovary. Ova-
ries were collected from Wt or Nrf2™/~ mice treated with VCD or
vehicle as described in Materials and Methods. Ovary sections were
stained with antibodies against mouse Foxo3a, followed by Cy5-con-
jugated secondary antibodies (red). YOYO-1 was used to stain nuclear
DNA (green). (A) Confocal micrographs showing both cytoplasmic
(red) and nuclear (yellow) expression of Foxo3a. (B) Quantitation of
Foxo3a staining. The Foxo3a fluorescence intensity from vehicle-
treated Wt mice was set at 100% for comparison. *, P < 0.05; n = 5.

play important roles in oxidative response, longevity, and neg-
ative regulation of ovarian follicle activation. In quiescent cells,
Foxo3a is activated by ROS and protects the cells from oxida-
tive stress by increasing the transcription of manganese super-
oxide dismutase (24). The Sir2 deacetylase and the p66shc
locus modulate the organismal life span in different species.
Sir2 acetylates Foxo3a and regulates Foxo3a functions in two
ways: increasing the ability of Foxo3a to induce cell cycle arrest
and resistance to oxidative stress and inhibiting its ability to
induce cell death (4). The p66shc protein appears to regulate
Foxo3a by controlling intracellular oxidant levels in cells,
thereby affecting life span (35). Thus, Foxo3a is regulated by
ROS and is critically involved in defense against oxidative
stress during physiological processes such as aging. The critical
role of Foxo3a in female reproductive function was unveiled in
the study of targeted Foxo3a KO mice. Female mice with a
Foxo3a /~ genotype exhibited global ovarian follicular activa-
tion leading to early depletion of ovarian follicles and POF,
implicating Foxo3a as a critical repressor of ovarian follicle
activation in the early stage of follicle growth (5, 16).

We found that Foxo3a expression is down-regulated in fol-
licular cells in Nrf2™/~ mouse ovaries, which correlates with
accelerated growth of the follicles in the absence of exogenous
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FIG. 11. Regulation of Foxo3a expression by VCD. (A) Induction
of Foxo3a mRNA in hepalclc7 cells. Cells were treated with VCD as
described for Fig. 9. Five micrograms of the total RNA of each mouse
was analyzed for Foxo3a mRNA expression by Northern blotting.
(B) Nrf2 dependence of Foxo3a mRNA expression in ovaries. Female
Wt and KO mice were treated with VCD, and total RNA was prepared
from ovaries pooled from six mice from each group as described for
Fig. 9. Five micrograms of the total RNA of each mouse was analyzed
for Foxo3a mRNA expression by Northern blotting. (C) Stabilization
of Foxo3a protein. hepalclc7 cells were treated with VCD, CHX, or
MG132 as described for Fig. 9. Total cell lysates were analyzed for
Foxo3a protein by immunoblotting with polyclonal antibodies against
mouse Foxo3a.

stimuli in Nrf2™’~ mice. The observations imply that Nrf2
plays a role in the physiological regulation of follicular activa-
tion and growth by regulating the expression of Foxo3a in
ovarian cells. On the other hand, treatment with VCD in-
creases Foxo3a expression at both the mRNA and protein
levels in follicular cells. Our data revealed that Foxo3a can be
regulated through two pathways. In the first scenario, Foxo3a
serves as a downstream target gene of Nrf2 involved in the
maintenance of ovarian physiological functions and ROS de-
fense. VCD induced Foxo3a mRNA transcription by stabiliz-
ing Nrf2 similarly to the induction of HO-1 by tBHQ. In this
regard, an ARE or ARE-like enhancer element(s) could be
involved in the induction. Detailed analyses of the upstream
region of the gene are needed to identify the element(s) in-
volved in the transcriptional regulation of Foxo3a by Nrf2.
Secondly, we found that Foxo3a was degraded through the 26S
proteasome pathway in the absence of exogenous chemicals.
VCD increased the level of Foxo3a protein in Nrf2™/~ mouse
follicles even though the mRNA of Foxo3a was reduced in the
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ovaries. VCD stabilized Foxo3a in cultured cells similarly to
tBHQ and MG132. Thus, our findings suggest a novel mech-
anism of Foxo3a regulation in which oxidative stress induced
by VCD inhibits the proteasomal degradation of Foxo3a,
thereby stabilizing the protein. In either of the cases, induction
of Foxo3a as a result of VCD exposure represents an adaptive
response to increased oxidative stress caused by VCD in ovary
cells to protect the cells from damage by ROS. Given the
critical roles of Foxo3a in follicle activation and ROS defense,
our study provides new opportunities to understanding the
interplay between the Nrf2 and Foxo3a signaling pathways and
how it regulates the defense against xenochemicals, the biology
of ROS, and follicular development in the ovary.
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